Introduction
============

It is now widely established that cancer is a genetic disease that arises through an accumulation of genetic or epigenetic alterations affecting genes that play an essential role in the transformation of normal cells to cancer cells. The majority of cancers are sporadic, result from genetic changes that occur in the tissues of a given organ (somatic alterations). Such genetic alterations are very likely induced by environmental factors such as exposure to UV, chemical agents or viral infections (see IARC monographs: <http://www.iarc.fr/>). Somatic genomic alterations can also be the consequence of a defective endogenous DNA repair system which is unable to rescue damaged DNA. Sporadic cancers occur generally in aged people, as demonstrated by epidemiology studies that show an increased incidence of cancer in the population aged more than 60 years. Late-onset cancers can reflect a multiple-step process of carcinogenesis across many years with successive inactivation (tumor suppressors) or abnormal activation (oncogenes) of key cancer genes. Mutations that alter the normal function of those key genes are considered as "driver" mutations allowing for switching the malignant transformation of normal cells.

In contrast to sporadic cancers, up to 10% of all cancers occur because of inherited genetic defects. The discovery of hereditary cancers is *per se* a fascinating history of humanity. The first description of inherited cancers was from a pathologist Dr Aldred Warthin who, as early as the late 1890s, established a first pedigree of the "family G" with an impressive aggregation of colon cancers and gynecological cancers in family members throughout four generations^[@bib1]^. It was not until more than 50 years later that Warthin\'s finding was recalled. In the early 1960s, Dr H Lynch found a similar aggregation of cancers of the digestive system within a family, and this finding triggered his interest in evaluating such familial forms of cancer. From then on and through international collaborations, cancer-prone families were collected and evaluated by Dr H Lynch and colleagues, which led to the identification of hereditary cancer syndromes, especially "Lynch syndrome" (or HNPCC for hereditary non polyposis colorectal cancers) (OMIM \#120435), and "breast and ovarian cancer syndrome" (OMIM \#604370); both are the most common cancer syndromes. There are also a number of less frequent syndromes with distinctive cancer spectrums^[@bib2]^.

It was logically assumed that familial cancers were caused by inherited genetic elements. Indeed, the molecular basis of familial cancers began to come to light from the early 1990s, due to advanced molecular biological technologies and the genetic linkage approach. It was revealed that genes that are responsible for hereditary cancers, called predisposition genes, follow a loss-of-function model according to Knudson\'s two-hit theory^[@bib3]^. Thus, some number of affected families (50% offspring for the autosomal dominant transmission disease) will inherit one allele of a mutated predisposition gene called "germline mutation," which is harbored in every cell of the body. Germline heterozygote mutations of cancer predisposition genes are usually not lethal because their normal function is partially compensated by the normal second allele. However, when the second allele is mutated by somatic environmental or endogenous causes, the given predisposition gene is totally inactivated, leading to the total loss of function and the switch to carcinogenesis in the involved tissues. Therefore, compared with sporadic cases in which two somatic events are needed to inactivate a key gene, germline mutations make the carriers have a much higher risk for cancer development because only one somatic event is required. As a result, hereditary cancers are characterized by 1) early onset of cancer, often younger than 50 years at diagnosis compared with an average age of 60 years in the general population, 2) frequent synchronous and metachronous cancers of the spectrum that reflect a multiple or successive somatic events, and 3) a familial history of cancers through generations in which the cancer types correspond to the syndrome\'s tumor spectrum.

To a larger extent, all of the genes that are involved in cancer susceptibility would be included in the list of cancer predisposition genes. However, many of them would have a minor involvement in cancer susceptibility, as exemplified by a number of rare variants (rare SNPs) that are revealed from "genome-wild association studys" (GWAS)^[@bib4]^. Their contribution to cancer risk is very likely achieved by a group of SNPs, with each providing a small effect. It is still not clear how those SNPs affect the protein function of the involved genes. Furthermore, the interaction among those SNPs is supposed to be complex. For this review, cancer predisposition genes would only refer to those that have a major risk for cancer following a Mendelian "monogenic" transmission pattern.

Since the early 1990s, the list of high-risk cancer predisposition genes has been continuing to increase. These genes are involved in a variety of cancer syndromes, such as the *BRCA1* and *BRCA2* genes responsible for hereditary breast and ovary cancer syndrome, DNA mismatch repair genes *MLH1*, *MSH2*, *MSH6* and *PMS2* for HNPCC syndrome, the *APC* gene for familial adenomatous polyposis, the *MEN1*, *MEN2* genes for endocrine tumor syndromes, the *VHL* gene for kidney cancer syndrome, the *TP53* gene for Li-Fromeni syndrome, and also the *PTEN*, *NF1* genes^[@bib5]^. Undoubtedly, many other genes remain to be identified, because the cause of cancer heredity for a substantial proportion of the affected families is still unknown. However, each gene is involved in the predisposition in a specific way, in a close relationship with its distinct biological functions, such as DNA repair, cell proliferation, cell death, or signaling pathways. As a result, the physiopathology of each cancer syndrome varies according to which gene is responsible for the malignant transformation and what molecular mechanism is implied. Although there are many questions that are still unanswered in understanding the mechanisms underlying cancer predisposition, for some well-studied syndromes, accumulated data has allowed for providing a comprehensive scenario, such as in the case of Lynch syndrome. Importantly, besides being responsible for cancer susceptibility, predisposition genes can also act as biomarkers of the response to treatment. Very recently, the predisposition genes *BRCA1/BRCA2* have been shown to be predictive biomarkers for anti-PARP targeted therapy in ovarian cancer. Thus, this review attempts to outline some of the historical and recent findings on predisposition genes with regard to two aspects: their role in cancer susceptibility, taking Lynch syndrome as an example, and their impact in cancer targeted therapy, involving especially the *BRCA* genes.

Genetics and clinical impact of predisposition to Lynch syndrome (or HNPCC: Hereditary Non Polyposis Colon Cancer)
==================================================================================================================

Clinical diagnostics of Lynch and Lynch-related syndrome
--------------------------------------------------------

The clinical criteria for the diagnosis of Lynch syndrome were initially established by an international consortium referred to as the "Amsterdam criteria," which define a family affected by this syndrome when there are three or more individuals diagnosed with colorectal cancers among first-degree relatives through at least two generations, with at least one patient being diagnosed under the age of 50 years^[@bib6]^. The criteria were later enlarged (Amsterdam II) to include extra-colorectal tumors that are frequently observed in the affected families, *ie*, cancers of the endometrium, ovary, other digestive tract (stomach, small bowl), and biliary and upper urinary tract^[@bib6]^. This disease is transmitted with Mendelian autosomal dominant inheritance. Thus, 50% of a carrier\'s offspring would be predisposed to high-risk cancers of the spectrum. Some clinical characteristics appear to be associated with this disease, such as the predominant right-side localization of colon tumors. Compared with the general population, the affected individuals are diagnosed at a younger age (approximately 40 years) but generally have a better outcome.

There exist Lynch-related syndromes such as Muir-Torre syndrome and Turcot syndrome. In addition to the classical Lynch tumor spectrum, the former is characterized by the presence of skin tumors (typically sebaceous neoplasia), and the latter is characterized by brain tumors of glial cell origin. Another particular form of Lynch-related syndrome is called CMMRD (constitutional MMR deficiency syndrome), which is caused by germline homozygous mutations or heterozygous composite mutations that lead to a constitutional inactivation of MMR. This syndrome was first reported in 1999 by our laboratory^[@bib7]^. Since then, approximately 80 families worldwide have been described. Clinically, it is characterized by childhood cancers more often of leukemia, brain cancers or very early onset colorectal or endometrial cancers^[@bib8]^.

Lynch syndrome is caused by the inactivation of MMR genes
---------------------------------------------------------

Currently, four genes are known to be clearly involved in Lynch syndrome, namely *MLH1, MSH2, MSH6* and *PMS2*. All of them belong to the DNA mismatch repair (MMR) system. Recently, it was found that the *EPCAM* gene is also associated with a small subset of Lynch patients^[@bib9]^. *EPCAM* is located upstream of the *MSH2* gene, and the germline genomic deletion of its 3′ part results in dysregulation of *MSH2* promoter methylation in somatic tissue. The DNA mismatch repair is well-conserved cellular machinery for correcting errors that are produced during DNA replication. Such errors occurred most frequently in repetitive sequences known as "microsatellites," because of the slippage of DNA polymerase. Although the mechanism of human MMR repair has not yet entirely been understood, schematically, it comprises the following major steps. When a nucleotide is mistakenly paired to the template sequence, or one or several nucleotides are deleted, or one or several extra nucleotides are inserted, the mismatched sequence would be recognized by the MutL protein complex: either MLH1/PMS2 (MutLα) or MLH1/MLH3 (MutLβ), followed by recruitment of a MutS complex, either MSH2/MSH6 (MutSα) or MSH2/MSH3 (MutSβ). The binding of these complexes to the mismatched sequences further triggers the biochemical reactions with the help of enzymes such as exonucleases to degrade the wrong sequences and DNA polymerase to synthesize the correct sequence. This simplified description illustrates the essential role of *MLH1*, *MSH2*, *MSH6* and *PMS2* genes in DNA mismatch repair. Inactivation of any one of them leads to the dysfunction of the system to a variable extent. The *MLH1* and *MSH2* genes presumably cause more serious damage because they are key partners of both protein complexes. Indeed, among the patients with Lynch syndrome, mutations in the *MLH1* and *MSH2* genes are predominant and are responsible for up to 80% of the cases. The *MSH6* gene mutation accounts for 10% to 15% of the cases. Mutations in *PMS2* appear to be even rarer and are estimated to be less than 5%. However, the mutation frequency for the *PMS2* gene is very likely underestimated because the mutation detection is complicated by the presence of a number of pseudogenes that share high sequence homology with the authentic *PMS2* gene.

Microsatellite instability (MSI) phenotype
------------------------------------------

Microsatellites are small DNA elements of repetitive sequences, either mononucleotide repeats (SSR: *simple sequence repeat*) or repeats of 2 to 10 nucleotides (STR: *short tandem repeats* or VNTR: *variable number tandem repeats*). They are abundantly present in the genome of eukaryotes and occur nearly every 50 kilobases throughout the genome. In addition to the fact that they are very polymorphic making them perfect biomarkers for population biological or epidemiological studies, they are also sensitive targets of DNA polymerase slippage during the course of replication^[@bib10],[@bib11]^. Such slippage results in the deletion or insertion of repetitive motives, and they are corrected, in a normal situation, by the MMR system. In contrast, unrepaired deletion/insertion errors lead to changes in the sequence lengths of the given microsatellites, which can be revealed by PCR (polymerase chain reaction) followed by electrophoresis analysis with acrylamide gel. If such variations are detected in a certain proportion of microsatellites in the tumor tissue compared to the normal tissue of the same individual, then this tumor is considered to have a "microsatellite instability" phenotype, which suggests a defective MMR. To evaluate the degree of microsatellite instability in a more standard way, different panels of microsatellites have been proposed^[@bib12],[@bib13]^. Currently, a 5-marker panel, which is commercialized by Promega as a fluorescent multiplex assay, is more commonly used^[@bib14]^. Because they are all almost monomorphic markers, there is no need for parallel testing of normal tissue from each patient. A tumor showing instability with more than two markers is interpreted as MSI-High (MSI-H), and a tumor without instability of any of the markers is considered to be microsatellite stable (MSS).

The MSI-H phenotype is caused by defective MMR in the tumor by different mechanisms. Approximately 15% of the colorectal MSI-H tumors are due to age-related somatic hypermethylation of the *MLH1* promoter^[@bib15]^. The remaining MSI-H tumors were, until recently, believed to be the indication of the presence of a germline mutation in the context of Lynch or Lynch-related syndromes. However, recent studies have shown that a small subset of those MSI-H tumors can be the consequence of a pure somatic MMR inactivation through two somatic hits^[@bib16],[@bib17]^. Still, because the majority of the MSI-H tumors are germline-related, the testing for the MSI-H phenotype combined with immunostaining for a loss-of-expression of one of four MMR proteins (MLH1, MSH2, MSH6 and PMS2) is considered to be an efficient way to screen for Lynch or related syndromes.

"Mutator phenotype" and Lynch syndrome
--------------------------------------

Many studies have been conducted to attempt to determine how a defective DNA mismatch repair system provokes the occurrence of colorectal, endometrial and other tumors in germline mutation carriers. Experiments with cell lines and in bacteria and yeast have shown that cells with a deficient MMR display a highly increased spontaneous mutation rate across the genome and throughout cell division. Spontaneous mutations do occur in normal somatic cells that are estimated to have 1.4×10^−10^ nucleotide/cell per division, which corresponds approximately to one mutant gene during an individual\'s lifetime. Such mutations become eventually tolerated SNPs. However, MSI-H tumor cells can contain as many as 1×10^5^ mutations. The high mutation rate that is observed in cancers has been described as the "mutator phenotype"^[@bib18]^, which is induced by endogenous and exogenous factors such as MMR deficiency. An increased mutation rate constitutes an early stage of cancer development. At this stage, a number of genes are likely affected in a random way, although, as in MSI-H cells, repetitive sequences are preferentially affected resulting in a "frameshift mutation" signature^[@bib19]^. As a consequence, such a high rate yet random mutations would affect, even "by chance", the coding sequences of oncogenes or tumor suppressors. Once mutated, these key cancer genes confer cancer cells a selective advantage and escape the normal control of proliferation or apoptosis and lead eventually to the cancer cell clonal expansion. Some target genes were indeed found to be associated with Lynch syndrome. The transforming growth factor β receptor type 2 gene (*TGFβR2*) appeared to be an important target since up to 90% of the MSI-H colorectal tumors carry a "frameshift mutation" in an A10 mono-repeat sequence of the gene. *TGFβ* gene inhibits the growth of colon epithelial cells. When the receptor is inactivated, growth inhibition cannot be accomplished resulting in deregulated cell proliferation. Insulin-like growth factor II receptor (*IGFRII*) and *BAX* genes are two other likely targets, because they also contain frequent "frameshift" mutations in their coding sequences. *IGFRII* regulates *TGF* receptors and *BAX* exerts its functions in apoptosis. A number of other genes are also likely targeted, although with less frequency^[@bib20]^. Altogether, the accumulated mutations result in the loss-of-function of these key genes and, in turn, switch and accelerate the development of cancers.

Molecular mechanisms underlying MMR gene inactivation
-----------------------------------------------------

Although not defined as classical tumor suppressors but instead as "caretaker genes", *MMR* genes are inactivated following Knudson\'s two-hit pattern: one allele by inherited germline mutation and the other by somatic mutation in affected tissues.

The germline inactivations are predominantly truncating mutations that interrupt the synthesis of a protein, including nonsense mutations (the creation of a stop codon by the replacement of a nucleotide), frameshift mutations (small deletions/insertions that lead to the modification of the reading frame and a premature stop codon), genomic gross deletion or insertion and rare complex mechanisms such as genomic inversion^[@bib21]^. Intronic mutations are also involved, especially at the well-conserved splicing sequences^[@bib22]^. However, explorations of intronic mutations being not exhaustive, there are certainly unrevealed causative mutations located in non-coding sequences. Indeed, exon-skipping alterations have been identified in some patients by RNA analysis, with no genomic mutation found in the coding sequences and splicing sites (unpublished data). In addition to genomic alterations, epimutations could also play a role as germline alterations. Nevertheless, this mechanism appears to be more complex. Given the methylation reprogramming process during germ-cell maturation and gametogenesis in mammalian development, an unstable inheritance of methylation patterns can be expected. Germline methylation of *MLH1* promoter could be involved in less than 10% of early onset patients with colorectal cancer^[@bib23]^, with the susceptibility for those patients to develop synchronous and metachronous tumors of the spectrum, because the germline hypermethylation of *MLH1* promoter silences the gene expression, mimicking germline genomic alteration. If, in general, truncating mutations are straightforwardly considered to be deleterious mutations, the causalities for non-synonymous missense mutations are sometimes very difficult to define, because such mutations affect only one nucleotide, leading to an amino acid change without disrupting the protein synthesis. Many parameters should be considered when evaluating whether a given missense mutation tends to alter the protein\'s normal function, such as evolutionary conservation through species, localization in a functional domain, the biochemical change between the original and replaced amino acid, and the exclusion of a known polymorphism. Clinical, familial and tumor features constitute also a fundamental basis for the interpretation of a given missense mutation\'s biological significance, including the consistency with the tumor spectrum, the co-segregation of mutant alleles with the disease, and the MSI-H phenotype with probably the loss of expression of a given MMR protein. To give an objective and practical guideline for genetic laboratories and genetic consultants, a 5-level classification of missense mutations has been proposed^[@bib24]^. A large number of missense mutations have thus been classified collectively by different collaborative consortiums^[@bib25]^.

The mechanisms of second-hit mutations was less intensively studied because of limited accessibility to tumor samples in the affected patients. In fact, the affected members of a given family were often treated prior to the genetic investigation, and the samples were not necessarily conserved in the adapted condition. However, studies conducted on tumors from Lynch patients revealed that a loss of heterozygosity (LOH), a second mutation in the involved gene and *MLH1* promoter hypermethylation are the major causes of somatic mutations in tumors, and each accounts for approximately 30%. Recently developed next-generation sequencing (NGS) has made it possible to analyze simultaneously MMR genes using a small amount of tumor DNA. With more MSI-H tumors tested, somatic events in tumors that are associated with Lynch syndrome can be studied more precisely.

Management of the affected families
-----------------------------------

The major aim of screening for mutation of cancer predisposition genes is to take in charge of affected families. In accordance with preventive medicine, this healthcare of the high-risk population is realized by a well-organized multidisciplinary network, and in many countries, it is under the control of specified regulations. The prescriptions usually come from genetic consultations in which geneticists make an enquiry about familial and personal histories of cancers with the help of a pedigree, and they suggest, according to diagnostic criteria, molecular analysis to identify the genetic alterations that are responsible for inherited familial cancers (initial investigation). After a mutation is identified for a given family, predictive testing can be suggested to asymptomatic family members to determine whether they are mutation carriers. For carriers who are at high risk of cancer, adapted clinical surveillance will be carried out typically with regular colonoscopy for the detection of colon cancers and transvaginal ultrasound examinations for the detection of endometrial cancer. In some situations, prophylactic treatment will appear to be helpful or necessary. More detailed clinical follow-up can be found in the revised surveillance guidance^[@bib26]^. Cancer risk in mutation carriers varies largely with cancer syndromes and the involved predisposition genes. The lack of a correlation between genotype and phenotype and the variable penetrance (the expressivity of the mutant gene) render the risk estimation very challenging. Indeed, for patients with Lynch syndrome, carriers of the same mutation can have different clinical manifestations even within the same family, and histologically similar malignancies can be caused by a variety of mutations of any one of the MMR genes. Organ-related cancer risk in mutation carriers have been evaluated by some studies^[@bib27],[@bib28],[@bib29]^, which are useful in genetic counseling to set up appropriate clinical surveillance. However, the mutation penetrance is believed to be associated with the individual\'s genetic background through "modifier" SNPs whose interaction with predisposition genes is assumed to regulate the expressivity of the mutant genes^[@bib30]^.

Predisposition genes as biomarkers in cancer treatment
======================================================

In addition to high-risk prediction for hereditary cancers, predisposition genes can also be used as prognostic or predictive response biomarkers for sporadic cancers, such as in the case of MMR gene inactivation. In fact, MSI-H tumors are associated with a better outcome compared with MSS tumors^[@bib31]^, with a lower metastasis rate even for patients with an advanced stage of the disease^[@bib32]^. Additionally, deficient MMR is a biomarker for colon cancer treatment. Many studies have suggested that there is no benefit to adjuvant 5-FU chemotherapy for stage II patients with MSI-H tumors^[@bib33]^. Also, recent studies have indicated that the MSI-H phenotype appears to be a predictive response biomarker for treatment with oxaliplatin and irinotecan^[@bib34]^.

Importantly, the emergence of the predisposition genes\' roles as biomarkers for targeted cancer therapy has been highlighted with the predictive value of the BRCA1/BRCA2 gene mutations in the response to anti-PARP treatment.

*BRCA1/2* gene mutation and predisposition to inherited breast and ovary cancer syndrome (HBOC)
-----------------------------------------------------------------------------------------------

The *BRCA* genes are also involved in normal cell DNA repair machinery. Different from MMR, they participate in the repair of double-strand breaks (two strands of DNA are simultaneously broken) by homologous recombination^[@bib35]^. Specifically, BRCA1 combines with other tumor suppressors, DNA damage sensors, and signal transducers to form a large multi-subunit protein complex known as the BRCA1-associated genome surveillance complex (BASC)^[@bib36]^. The physiopathology of HBOC is quite similar to Lynch syndrome. When damaged DNA fails to be repaired, genomic alterations are thus accumulated, which leads to genomic instability. Such increased mutation rate results eventually in the involvement of cancer genes. So far, *BRCA1* and *BRCA2* genes are two genes that are known to be responsible for HBOC with an autosomal dominant inheritance. Germline mutation carriers have a high risk of developing breast cancer and ovarian cancer (approximately 80% and 50%, respectively)^[@bib37]^. Germline mutations are characterized predominately by protein truncating mutations, including nonsense or frameshifts due to the deletion or insertion of small sequences.

Anti-PARP treatment and *BRCA* genes
------------------------------------

Poly-ADP ribose polymerase genes (*PARP1* and *PARP2*) encode proteins that play an essential role in the repair of single-strand breaks in DNA. Pharmacological PARP inhibition has been aimed at preventing cells from single-stranded damage repair that is produced by environmental exposure or chemotherapy. Unpaired single strand damage tends most likely to convert to double-strand breaks during replication. Such overwhelmed damage could saturate the repair machinery and bring eventually the cancer cells to death. The use of PARP inhibitors in the early 1980s^[@bib38],[@bib39]^ showed increased sensitivity to chemo and radiotherapy^[@bib40]^. Accumulated double-strand breaks depend on BRCA for their repair. In the absence of BRCA, the dysfunction of the repair system will trigger cell death. Such a "synthetic lethality" targets two genetic pathways, by disrupting both types of DNA repair, and makes the carriers of the germline *BRCA* gene mutation have increased sensitivity to PARP inhibitors. In 2007, the result of the first clinical phase 1 trial was presented at the American Society of Clinical Oncology (ASCO) annual meeting and published later^[@bib41]^; this trial showed the best response to Lynparza (olaparib) treatment in patients who carry the *BRCA* germline mutation. After a series of phase I to III randomized trials with different anti-PARP agents and with or without *BRCA* mutations^[@bib42]^, at the end of 2014, the FDA approved the use of Lynparza in ovarian cancer patients with *BRCA* deficiency.

BRCAness phenotype
------------------

The term BRCAness was designated for sporadic breast or ovary cancers without the *BRCA* germline mutation but having a behavior similar to the *BRCA* germline mutation caused tumors. BRCA-like behavior has been described based on clinical and molecular features, such as a high rate of response to platinum-based treatment and an improved overall survival rate^[@bib43]^. Many mechanisms that reduce BRCA1/2 function and result in BRCA-like behavior have been identified, including *BRCA1* promoter methylation and the loss of function of genes participating in homologous recombination like the *RAD51*, *ATM*, *ATR*, *CHK1*, *CHK2*, *FANCD2*, and *FANCA* genes^[@bib44],[@bib45],[@bib46],[@bib47]^. Of note, many of these genes are involved in cancer susceptibility. A loss of function of the suppressor gene, *PTEN*, another cancer predisposition gene involved in Cowden syndrome (OMIM \#158350), has been shown to yield BRCA-like behavior, which is more common in breast and prostate cancers^[@bib48]^. Increased PARP inhibition susceptibility was shown in a series of cell lines with PTEN mutation or haploinsufficiency, confirmed in xenograft experiments using the PARP inhibitor olaparib. There is also clinical evidence that olaparib may have a therapeutic utility in PTEN-deficient endometrioid endometrial cancer^[@bib49]^. These studies provide evidence that PTEN loss of function is a potential predictive biomarker of PARP inhibitor responsiveness. However, it is still challenging to identify BRCAness sporadic tumors. Standardized methods need to be developed to evaluate the effectiveness of PARP inhibitor in those tumors.

Conclusions and perspectives
============================

Cancer arises through complex genetic pathways that implicate a number of genes, which are either drivers or helpers, in the malignant transformation of normal cells. Cancer predisposition genes play an essential role in this process. If over decades their involvement was basically focused on familial inheritance, then emerging evidence strongly suggests that there are many functionalities that remain to be explored. Their role as an indication of a high risk of cancer allows individuals who carry a familial mutation to receive appropriate follow-up and allows non-mutation carriers to be discharged from an intensive surveillance protocol. Their role as response predictive biomarkers helps to select the patients for whom a given targeted therapy appears to have more benefit. All this makes such predisposition genes important actors in personalized cancer care. Moreover, because MMR genes and *BRCA* genes are involved in the repair system, which is a key function to guarantee the genomic integrality, a deeper understanding of their involvement in cancer initiation and progression is of great interest. Other features may also have high potential importance. For example, MMR- and *BRCA*-deficient tumors display a high level of lymphocyte infiltration^[@bib50],[@bib51]^, reflecting an active immunoreaction in the tumors. An increased mutation rate induced by DNA repair deficiency is believed to be the cause, since altered proteins could be considered to be foreigners by the immune system. In accordance with rapidly advanced immunotherapies, the mutation-induced immunoreaction could well be a new horizon for predisposition gene studies.
